1. Introduction {#sec0005}
===============

Mainland Southeast Asia consists of at least two major geotectonic terranes, the Indochina Terrane and the Sibumasu Terrane \[e.g., [@bib0005]\]. Thailand was created by the collision between two continental masses during Palaeozoic-early Mesozoic [@bib0010]. Several different models of geotectonic and tectono-sedimentary subdivisions of Thailand have been proposed [@bib0015]. This research focusses on the tectonic history of the Nan Suture (Nan-Uttaradit Suture) which is located between the Sukhothai Zone (Sukhothai Fold Belt or Sukhothai Arc) and Indochina Terrane ([Fig. 1](#fig0005){ref-type="fig"}). Two contrasting tectonic framework models of the Nan Suture have previously been proposed: a main Paleo-Tethyan suture \[e.g., [@bib0020], [@bib0025], [@bib0030]\] and a remnant of a closed back-arc basin \[e.g., [@bib0005], [@bib0035], [@bib0040]\]. The two existing models have been proposed on the basis of the distribution of Paleo-Tethyan oceanic materials, stratigraphic characters and fossil ages.Fig. 1Geotectonic subdivisions of Thailand (modified from Ueno and Hisada [@bib0035]). The study area is located in between Sukhothai Zone and Indochina Block.Fig. 1

Here, the Nam Pat Group of the Nam Pat Basin, Uttaradit Province, northern Thailand which is situated in the Nan Suture Zone is analyzed in order to identify the basin type and sediment transport pathways. The goal is to assist the interpretation of the tectonic framework of the Nan Suture and reevaluate existing tectonic models. This research is based on basin-filled lithofacies distributions, provenance and paleocurrents.

2. Background {#sec0010}
=============

2.1. Proposed tectonic models of the Nan Suture: a main Paleo-Tethyan suture {#sec0015}
----------------------------------------------------------------------------

In this model, the paleogeographical evolution of Thailand is represented by the collision between the Shan-Thai (recently referred to as Sibumasu) Terrane on the west and the Indochina Terrane on the east along a suture zone located in central Thailand \[e.g., [@bib0020], [@bib0045], [@bib0050]\] ([Fig. 2](#fig0010){ref-type="fig"}a). Both the geometry and timing of the collision have been controversial. The geometry of the collision between the terranes has been proposed as westward subduction of the Indochina Terrane underneath the Sibumasu Terrane \[[@bib0025], [@bib0055], [@bib0060]\] or eastward subduction of the Sibumasu Terrane under the Indochina Terrane \[e.g., [@bib0065], [@bib0070]\]. In this tectonic model, regardless of the subduction geometry or timing, the Nam Pat Basin is considered to be a forearc basin located in the suture zone between the Sibumasu and Indochina Terranes. This suture zone was later referred to as the Nan River Suture Zone, Nan Suture, or Nan-Uttaradit Suture \[e.g., [@bib0025]\] and was thought to represent a closed remnant of the main Paleo-Tethys Ocean \[e.g., [@bib0010]\].Fig. 2(a) The tectonic subdivision of Thailand by Bunopas [@bib0020] in which the Paleo-Tethy suture is located along the Nan-Uttaradit Suture Zone in ophiolite belt. (b) The tectonic subdivision of Thailand by Barr and Macdonald [@bib0225] in which the Paleo-Tethy suture is located along between the Inthanon Zone and the Sukhothai Zone.Fig. 2

2.2. Proposed tectonic models of the Nan Suture: a closed back-arc basin {#sec0020}
------------------------------------------------------------------------

In this model, Thailand consists of four geotectonic subdivisions from west to east. They are Sibumasu Terrane (Western Thai Zone), Inthanon Zone, Sukhothai Zone, and Indochina Terrane (Phetchabun Zone) \[e.g., [@bib0005], [@bib0035], [@bib0075]\] ([Fig. 2](#fig0010){ref-type="fig"}b). This tectonic model is based on the distribution of Paleo-Tethys oceanic materials, stratigraphic characteristics, and paleobiogeographic constraints. For example, radiolarian cherts found in the Nan Suture are from the Early Permian to Middle Triassic [@bib0050] while the Paleo-Tethys Ocean was opened in the Devonian and completely closed in the Late Triassic or Early Jurassic [@bib0080]. Late Paleozoic tilloid-bearing units only exist in the westernmost peninsular Thailand that is represented by the Sibumasu Terrane, not in the Inthanon and Sukhothai Zones. The Late Paleozoic foraminiferal faunal association of the Sibumasu Terrane is different from those found in the Inthanon Zone, Sukhothai Zone, and Indochina Terrane [@bib0080]. A recent study on U-Pb ages of detrital zircons from Permian-Triassic sediments in the Sukhothai Zone and ophiolite association in the Nan-Uttaradit Suture showed that the Nan-Uttaradit Ocean existed in the Late Carboniferous [@bib0085]. Hara et al. [@bib0090] concluded that the Nan Basin was a consequence of the Sukhothai continental island arc development and already in a deep-sea environment by the Late-Middle Permian because of the presence of radiolarian cherts [@bib0050] in the Nan-Uttaradit Suture Zone.

The mentioned evidences suggest that the Nan Suture is not a boundary between the Sibumasu and Indochina Terranes nor a closed remnant of the main Paleo-Tethys Ocean. It, instead, represents a closed back-arc basin which is located between the Sukhothai Zone and Indochina Terrane \[e.g., [@bib0010], [@bib0035], [@bib0095]\].

2.3. Stratigraphic framework of the Nam Pat Group {#sec0025}
-------------------------------------------------

Lithostratigraphic correlations of Triassic sedimentary unit in Thailand are illustrated in [Fig. 3](#fig0015){ref-type="fig"}. The Nam Pat Group is made of marine turbidites deposited in a deep, narrow, elongate basin [@bib0020]. It is further subdivided into two formations---Huai Lat and Huai Bo Khong ([Fig. 4](#fig0020){ref-type="fig"}). The former formation is the lower unit deposited as proximal turbidites; the latter formation is the upper unit deposited as distal turbidites. The Huai Lat Formation comprises of grey and red conglomerates---with clasts of andesite, quartz, metamorphic rocks and limestones. The Huai Bo Khong formation is made of interbedded turbiditic sandstones and mudstones. Microfossils found in limestone clasts of the Huai Lat Formation have been identified as Middle Triassic in age [@bib0100]. This formation is older than the limestone clasts and is regarded as Late Triassic. Based on petrographic and geochemical characteristics, the provenances of the Huai Bo Khong Formation are the nearby intermediate igneous rocks, the Permian-Triassic Pak Pat Volcanics [@bib0105].Fig. 3Lithostratigraphic correlation of Triassic sedimentary units in Thailand (modified from Chonglakmani [@bib0230]).Fig. 3Fig. 4Stratigraphic column of the Nam Pat Group (modified from Bunopas [@bib0020]).Fig. 4

3. Methods {#sec0030}
==========

This research includes two parts: fieldwork investigation (June and July 2015, July 2016 and January 2017) of sedimentary rocks distributed in the southeastern side of Sirikit Dam of Uttaradit Province and petrographic study of sedimentary rock in thin-sections. We chose this study area because the Nam Pat Group is well-exposed and slightly weathered. The Nam Pat Group in the study area strikes in NNE-SSW direction. We chose five transects perpendicular to the strike: Huai Ta Long, the 1146th Road, Huai Bo Khong, Huai Khrai, and the 1339th Road ([Fig. 5](#fig0025){ref-type="fig"}). The field study includes lithologic description, facies identification, paleocurrent direction measurement, and facies distribution mapping. Paleocurrent direction was measured from preferred orientations of clasts and cross-bedding and was identified by the methods proposed by DeCelles et al. [@bib0110] and further corrected for tectonic tilt using stereographic projections [@bib0115]. Ninety-four measurements of paleocurrent were collected in the field. Forty-five sedimentary rock samples along the survey lines were collected and prepared in thin-sections for petrographic studies (CFI 50 Infinity Eclipse Ci Polarizing microscope) including mineral identification, grain size, grain shape, and sorting analysis. Modal analysis was carried out on the prepared thin-sections using the Gazzi-Dickinson point-counting method, and the data were plotted in the tectonic provenance discrimination diagrams of Dickinson and Suczek [@bib0120] and Dickinson et al. [@bib0125] in order to identify the tectonic setting of the Nam Pat Group.Fig. 5Geologic map of the study area displays the locations of five transect surveys (1) Huai Ta Long, (2) the 1146th Road, (3) Huai Bo Khong, (4) Huai Khrai, and (5) the 1339th Road (modified after Singharajwarapan [@bib0195]).Fig. 5

4. Results {#sec0035}
==========

4.1. Sedimentary facies {#sec0040}
-----------------------

Based on our field surveys, the study area is composed of conglomerate, sandstone, mudstone, siltstone, and shale. The strata strike NE-SW and steeply dip NW, at least 58°. Three facies groups are recognized. Facies A, B, and C are polymictic conglomerate, interbedded sandstone and mudstone, and mudstone with thin-bedded sandstone, respectively. Facies descriptions are reported below.

### 4.1.1. Facies A: polymictic conglomerate {#sec0045}

Facies A is adjacent to the Pak Pat Volcanics [@bib0105]. The contact between the underlying volcanic rocks and the overlying conglomerates is sharp. This facies is further subdivided into facies A1 and A2 that are, respectively, massive polymictic conglomerate and interbedded polymictic conglomerate and coarse-grained sandstone ([Fig. 6](#fig0030){ref-type="fig"}). Facies A1 is matrix-supported and up to 4-m thick. The clasts are 5--10 cm in diameter, well-rounded, and elongated. They comprise mostly of volcanic rocks with minor amounts of granite, serpentinite, phyllite, sandstone, chert, and limestone. These clasts are floating in a dirty matrix of fine-grained sandstone.Fig. 6(a) Polymictic conglomerate of facies A1 at grid reference 0670257 E, 1953716 N. (b) Polymictic conglomerate of facies A2 at grid reference 0673821 E, 1961924 N.Fig. 6

The clasts of facies A2 are well-rounded, elongated, pebble-cobble size made up mainly of volcanic rocks. Clasts are andesite, basalt, granodiorite, chert, sandstone, quartz, and limestone. The thickness of polymictic conglomerate bed ranges from 10 cm to 3 m. The polymictic conglomerate is interbedded with coarse-grained sandstone 20--30-cm thick. Locally, the polymictic conglomerates contain pebbly of sandstone lenses that are 5--15 cm thick. Some polymictic conglomerate beds are inversely-graded and some are disorganized. Internal sedimentary structures are not observed in facies A2.

### 4.1.2. Facies B: interbedded sandstone and mudstone {#sec0050}

Facies B is sandstone dominated and displays multiple fining upward packages. It is further divided into facies B1, B2, and B3 that are pebbly sandstone and massive sandstone, medium- to thick-bedded sandstone with mudstone, and thin-bedded sandstone with mudstone, respectively ([Fig. 7](#fig0035){ref-type="fig"}). The sandstone of facies B1 is light grey, medium- to coarse-grained, moderate- to poorly-sorted, and up to 1-m thick. Mudstone clasts are observed along the base of the sandstone. These clasts are often inversely graded; the rest of the sandstones are normally graded. The majority of these sandstone beds are structureless and few faint horizontal lamination and cross-lamination are present.Fig. 7(a) Pebbly sandstone and massive sandstone of facies B1 at grid reference 0673821 E, 1961924 N. (b) Medium- to thick-bedded sandstone with mudstone of facies B2 at grid reference 0671139 E, 19518949 N. The total width of view is 9 m. (c) Thin-bedded sandstone with mudstone of facies B3 at grid reference 0671459 E, 1957165 N. (d) Ball-and-pillow structures observed in facies B3.Fig. 7

The sandstone of facies B2 is light grey, very fine- to medium-grained, and fining upward. Each sandstone bed is about 30-cm thick and capped with thin mudstone, siltstone, and/or shale. The sandstone beds are either structureless or show sedimentary structures such as large-scale cross-lamination, climbing ripple, cross-lamination, undulating lamination, and planar lamination. Mud rip-up clasts, flute marks, groove marks, and sole marks are observed at the base of the sandstone. Facies B2 is made up of repetitive cycles of the T~a-e~ divisions of the Bouma sequence (dominated by the T~b~ and T~c~ divisions).

Facies B3 is composed of light grey, fine- to medium-grained, thin-bedded sandstone and thin-bedded mudstone, siltstone and/or shale. Planar lamination, climbing ripple, and ripple lamination are observed toward the top of sandstone bed. Each sandstone bed is separated by thin-bedded mudstone, siltstone, and/or shale. Flame and ball-and-pillow structures are found along the base of sandstone beds that are interbedded with mudstone ([Fig. 7](#fig0035){ref-type="fig"}d).

### 4.1.3. Facies C: mudstone with thin-bedded sandstone {#sec0055}

Facies C is mudstone dominated and subdivided into facies C1 and C2 that are massive mudstone with sandstone and thin- to medium-bedded mudstone with sandstone, respectively ([Fig. 8](#fig0040){ref-type="fig"}). Both facies display multiple fining upward packages (repetitive rhythms of the T~c--e~ divisions of the Bouma sequence), and the thickness of each package is about 10--40 m. The mudstone of facies C1 is massive. The sandstone of facies C1 is fine- to medium-grained and very thin- to thin-bedded. Ripple cross-lamination and climbing ripples are observed in this sandstone.Fig. 8(a) Massive mudstone with sandstone of facies C1 at grid reference 0671551 E, 1957246 N. (b) Thin- to medium-bedded mudstone with sandstone of facies C2 at grid reference 0671462 E, 1957179 N.Fig. 8

The mudstone and siltstone of facies C2 is black and thin- to medium-bedded. The sandstone of facies C2 is greenish grey and fine- to medium grained. Sandstone laminae are intercalated with mudstone or siltstone laminae.

4.2. Sandstone petrology {#sec0060}
------------------------

### 4.2.1. Texture {#sec0065}

Samples are poorly to moderately sorted, fine to very coarse grained sandstones. Most samples contains less than 7% matrix. Grains are angular to subrounded. Grain elongation indices range from very elongate to equant. The index varies from 0.55 to 0.75 with the average of 0.67 ± 0.01. The majority grain falls in the intermediate elongation class. Grain elongation indices are plotted against the average grain size (phi) of each thin-section ([Fig. 9](#fig0045){ref-type="fig"}) showing that they are statistically correlated, $r = 0.49,p < 0.05$. In other words, larger grains tend to be more elongate than smaller grains.Fig. 9Elongation index with respect to average grain size (phi) of the Nam Pat sandstone thin-sections.Fig. 9

### 4.2.2. Detritus {#sec0070}

Lithic fragments are composed of igneous, sedimentary, and metamorphic rocks. Igneous clasts constitute 86.3% (s.d. 3.8%) of the total rock volume. The majority are fragments of volcanic rocks plus very few acidic plutonic rocks. The mafic volcanic rock fragments have porphyritic texture; phenocrysts are plagioclase and epidote ([Fig. 10](#fig0050){ref-type="fig"}). The rhyolitic fragments also have porphyritic texture; phenocrysts are orthoclase, albite, and plagioclase. Plutonic clasts include sub-rounded granitic and granodioritic rocks. Granitic fragments are fine-medium crystalline and equigranular and composed of quartz, orthoclase, plagioclase, microcline, and perthite ([Fig. 11](#fig0055){ref-type="fig"}). Metamorphic rock fragment content is low (avg. 9.1%, s.d. 2.7%). They are sub-angular to sub-rounded and composed of quartzite, phyllite, muscovite schist, muscovite-biotite schist, slate, and calc-silicate rocks. Sedimentary rock fragments are fine- to medium-grained and rounded. Their content averages 4.6% of the total rock volume (s.d. 1.9%). Sedimentary rock fragments include sandstone, siltstone, shale, claystone, limestone, dolomite, and chert ([Fig. 12](#fig0060){ref-type="fig"}). Criteria for their identification as terrigenous grains are from Argnani et al. [@bib0130] and Lugli et al. [@bib0135]. Limestone clasts contain bioclastic fragments such as foraminifera, echinoderm, and algae. Ooid fragments are rounded and replaced by silica.Fig. 10(a) Photomicrograph of facies A2 sandstone under plane polarized light displays basalt (Bas), quartz grains (Qtz), and partial replacement of mafic minerals to epidote (Ep). (b) [Fig. 10](#fig0050){ref-type="fig"}a under crossed polarized light. Each image is 2.42 cm wide and 1.58 cm tall.Fig. 10Fig. 11(a) Photomicrograph of polymictic conglomerate of facies A1 under plane polarized light displays granite (Gra) and metamorphic fragments (Met). Clinopyroxene (Cpx) in mafic lithic fragments is observed. (b) [Fig. 11](#fig0055){ref-type="fig"}a under crossed polarized light. Each image is 2.42 cm wide and 1.58 cm tall.Fig. 11Fig. 12(a) Photomicrograph of facies A2 sandstone under plane polarized light displays siltstone (Slst), chert (Cht), limestone (Lst), and Echinoderm (Ech) fragments. (b) [Fig. 12](#fig0060){ref-type="fig"}a under crossed polarized light. Each image is 2.42 cm wide and 1.58 cm tall.Fig. 12

Quartz contributes 27.8% of the total rock volume (s.d. 5.5%). The majority of quartz is monocrystalline (avg. 60% of the total quartz) and polycrystalline is subordinate ([Fig. 13](#fig0065){ref-type="fig"}). Polycrystalline quartz is fine- to coarse-grained; each crystal tends to be elongate and their boundaries are smooth, crenulated, or sutured. Boehm lamellae and needle-like inclusions of biotite and muscovite are observed in quartz grains.Fig. 13(a) Photomicrograph of facies B2 sandstone under plane polarized light displays monocrystalline quartz (Qm), polycrystalline quartz (Qp), and metamorphic lithic fragment (Met). (b) [Fig. 13](#fig0065){ref-type="fig"}a under crossed polarized light. Each image is 2.42 cm wide and 1.58 cm tall.Fig. 13

Feldspar of various grain sizes and types constitutes 15.7% of the total rock volume (s.d. 4.6%). The majority of feldspar is plagioclase while alkali feldspars (orthoclase and microcline) are subordinate. Plagioclase is rectangular in shape and shows multiple twinning ([Fig. 14](#fig0070){ref-type="fig"}).Fig. 14(a) Photomicrograph of polymictic conglomerate of facies A1 displays volcanic lithic fragment (Volc) and plagioclase grain (Pl). (b) [Fig. 14](#fig0070){ref-type="fig"}a under crossed polarized light. Each image is 2.42 cm wide and 1.58 cm tall.Fig. 14

Common accessory minerals of the Nam Pat sandstones are biotite, muscovite, epidote, zircon, tourmaline, apatite, and opaque minerals ([Fig. 15](#fig0075){ref-type="fig"}). Alteration minerals such as sericite, kaolinite, and chlorite are observed.Fig. 15(a) Photomicrograph of facies A2 sandstone under plane polarized light displays zircon (Zr) and epidote (Ep). (b) [Fig. 15](#fig0075){ref-type="fig"}a under crossed polarized light. (c) Photomicrograph of facies B2 sandstone under plane polarized light displays opaque minerals (Op). (d) [Fig. 15](#fig0075){ref-type="fig"}c under crossed polarized light. Each image is 2.42 cm wide and 1.58 cm tall.Fig. 15

### 4.2.3. Modal composition {#sec0075}

Framework grains are reported in [Table 1](#tbl0005){ref-type="table"}, [Table 2](#tbl0010){ref-type="table"}. Based on the classification of Pettijohn et al. [@bib0140], all sandstones are lithic arenite. Lithic fragments in the sandstone are of igneous, metamorphic and sedimentary. All samples contain less than 7% matrix and/or carbonate cement. On the QFL diagram, the framework composition of the majority of sandstones suggest a transitional and dissected arc provenance of the sediments, only two samples fall into the subcategory recycled orogenic ([Fig. 16](#fig0080){ref-type="fig"}a). On the QmFLt diagram, the compositional data plot in transitional arc and lithic recycled provenance regions ([Fig. 16](#fig0080){ref-type="fig"}b). On the QmPK ternary, sandstone composition falls along the Qm-P join ([Fig. 16](#fig0080){ref-type="fig"}c). On the LmLvLs and QpLvmLsm ternaries, the samples have high proportion of volcanic detritus (avg. Lv and Lvm of 86% and 71%, respectively) and fall into the subcategory magmatic arc ([Fig. 16](#fig0080){ref-type="fig"}d and e).Fig. 16(a) QFL, (b) QmFLt, (c) QmPK, (d) LmLvLs, and (e) QpLvmLsm ternary plots of the sandstone samples (component abbreviations explained in [Table 1](#tbl0005){ref-type="table"}). Provenance fields after Dickinson and Suczek [@bib0120] and Dickinson et al. [@bib0125].Fig. 16Table 1Grain parameter from Ingersoll and Suczek [@bib0235].Table 1Q = Qm + QpwhereQ=total quartzose grainsQm=monocrystalline quartz grainsQp=polycrystalline aphanitic quartz grains  F = P + KwhereF=total feldspar grainsP=plagioclase feldspar grainsK=potassium feldspar grains  Lt = L + QpwhereLt=total aphanitic lithic grainsL=unstable aphanitic lithic grains  L = Lm + Lv + LswhereLm=metamorphic aphanitic lithic grainsLv=volcanic hypabyssal aphanitic lithic grainsLs=sedimentary aphanitic lithic grains  L = Lvm + LsmwhereLvm=volcanic hypabyssal and metavolcanic aphanitic lithic grainsLsm=sedimentary and metasedimentary aphanitic lithic grainsTable 2Modal analyses and recalculated data (component abbreviations explained in [Table 1](#tbl0005){ref-type="table"}).Table 2LocationQFL (%)QmFLt (%)QpLvmLsm (%)QmPK(%)LmLvLs(%)P/FQp/QLv/LQFLQmFLtQpLvmLsmQmPKLmLvLs1146th Road21.19.869.110.19.880.113.281.45.450.746.33.04.393.62.10.90.50.9Huai Ta Long (HTL) HTL134.318.147.619.818.162.121.165.913.052.246.31.513.581.35.31.00.40.8 HTL236.918.944.228.618.952.514.772.812.660.237.91.98.784.07.31.00.20.8 HTL336.513.849.721.413.864.821.166.212.760.739.30.013.981.64.41.00.40.8 HTL420.117.362.712.017.370.810.881.87.441.059.00.06.791.12.21.00.40.9 HTL520.811.467.99.111.479.513.370.516.244.655.40.011.479.29.41.00.60.8 HTL619.214.166.810.114.175.811.180.68.341.955.82.38.089.92.11.00.50.9Huai Bo Khong (HBK) HBK1-132.921.345.824.121.354.514.973.411.753.144.82.19.684.95.51.00.30.8 HBK1-235.620.444.022.720.456.920.868.111.152.747.30.011.884.33.91.00.40.8 HBK3-128.419.951.619.919.960.112.571.116.450.047.82.215.378.46.31.00.30.8 HBK3-328.424.247.516.724.259.118.270.111.740.954.74.410.184.35.70.90.40.8 HBK7-221.518.260.315.818.266.07.980.212.046.553.50.010.485.64.01.00.30.9 HBK11-221.620.757.714.520.764.810.076.913.141.158.10.811.383.74.91.00.30.8 HBK1224.014.761.317.114.768.29.678.711.653.644.51.86.186.37.51.00.30.9 HBK13-122.612.664.812.012.675.413.175.511.348.851.20.08.485.85.81.00.50.9Huai Khrai (HK) HK235.916.247.818.816.264.924.967.57.653.746.30.07.989.13.01.00.50.9 HK4-128.08.563.618.98.572.611.677.510.969.130.90.08.086.75.31.00.30.9 HK6-128.37.963.714.47.977.617.075.08.064.635.40.06.289.84.01.00.50.9 HK6-228.511.160.313.311.175.519.070.410.554.443.32.27.286.06.81.00.50.9 HK831.514.653.916.314.669.120.972.07.152.843.53.76.990.42.70.90.50.9 HK928.821.250.020.921.257.913.080.76.349.750.30.05.992.41.81.00.30.91339th Road (1339Rd) 1339Rd 129.622.947.520.222.956.915.274.910.046.953.10.010.587.02.51.00.30.9 1339Rd 223.99.067.012.49.078.613.775.710.757.942.10.08.886.64.61.00.50.9 1339Rd 3-131.613.355.117.513.369.218.770.011.256.943.10.011.384.64.11.00.40.8 1339Rd 3-226.112.761.216.712.770.612.679.77.756.740.23.16.490.63.00.90.40.9

4.3. Paleocurrent direction {#sec0080}
---------------------------

Paleocurrents were determined from the orientation of clast imbrications and cross-stratification. A total of 94 measurements have been collected from the Huai Ta Long, the 1146th Road, Huai Bo Khong, and Huai Khrai transects ([Table 3](#tbl0015){ref-type="table"}). Since the strata are tectonically deformed, the determination of foreset dip direction is needed [@bib0145]. At each sampling location, dip and strike of paleocurrent indicator and bedding were recorded for further correction of paleocurrent direction on a stereographic net. We applied the method of Decelles et al. [@bib0110] for two- and three-dimensional exposures of cross-stratification. The paleoflow data are unimodal with locally bimodal distribution ([Fig. 17](#fig0085){ref-type="fig"}). The majority of paleocurrents are oriented in the southeast direction (104° ± 5.73°).Fig. 17Rose diagram of paleocurrent data of the study area. The majority paleocurrents are oriented in the southeast direction (104° ± 5.73°, n = 94).Fig. 17Table 3Summary of the paleocurrent data of the Nam Pat Group in the study area.Table 3SectionFaciesFrequencyAzimuthSedimentary structures1146th RoadA27107Gravel imbricationHuai Ta LongA22114Gravel imbricationB211117Cross beddingB39119Cross beddingC23066Cross beddingHuai Bo KhongA25114Gravel imbricationB12138Cross beddingB213130Cross beddingB322112Cross beddingC16075Cross beddingC22086Cross beddingHuai KhraiA23109Cross beddingB29084Cross bedding

5. Discussion {#sec0085}
=============

5.1. Facies distribution {#sec0090}
------------------------

The Huai Lat Formation consists of facies A1, A2, and B1. This formation represents the main upper channel or major channel fill complexes, probably in the most proximal depositional areas \[[@bib0150], [@bib0155], [@bib0160], [@bib0165]\]. Facies A1 is matrix-supported (sand sized), pebble-cobble massive conglomerate, and its basal contact is erosive. Facies A1 occurs in the lower part of the Huai Lat Formation. Clast orientation and imbrication indicate fairly rapid deposition from a high-velocity suspension [@bib0170]. The assemblage of conglomerate with minor sandstone corresponds to a product of high-density turbidity current in proximal \[[@bib0150], [@bib0175], [@bib0180], [@bib0185]\]. Facies B1 is marked by tractional structures, relatively weak-poor grading, and little to no interbedded pelagic clay and terrigenous mud. Facies B1 represents a deposit from high-density turbidity currents. The presence of mud clasts, local scours, and amalgamation surfaces are indicators of energetic and locally erosive currents [@bib0190].

Facies B2, B3, C1, and C2 represent the Huai Bo Khong Formation. The lower part of the Huai Bo Khong Formation consists of thick sequences of sand-rich turbidites. It is characterized by the predominance of medium-grained, thin- to thick-bedded, sandstone bodies of thick amalgamated sandstone beds of facies B2. The upper part of the Huai Bo Khong Formation contains thin- to medium-bedded, fine-grained sandstones of facies B3 interbedded with mudstones and thin-bedded, very fine- to fine-grained sandstones of facies C1, with subordinate amounts of (locally) massive mudstone deposits of facies C2.

The Nam Pat Group is a fining-upward stratigraphic sequence. The lower formation is dominated by conglomerate and coarse-grained sandstone that developed as proximal deposits in the main upper channel or major channel fill complexes. The upper formation is dominated by rhythms of sandstone and mudstone, and sand to shale ratio decreases eastward. In this study the effective thickness of the Huai Lat Formation and the Huai Bo Khong Formation could not be determined because most of the strata are tightly folded and those along the hinge zone are extremely weathered. The distribution of the two formations is illustrated in [Fig. 5](#fig0025){ref-type="fig"}. The Huai Lat Formation and Huai Bo Khong Formation are distributed along the western and eastern parts, respectively, of the Nam Pat Basin.

5.2. Provenance {#sec0095}
---------------

The QFL and QmFLt plots indicate that the sandstones contain a significant proportion of lithics and have magmatic arc (undissected, transitional, and dissected arc) and recycled-orogen provenance compositions. Fewer samples fall into the recycled-orogen region. The QpLvmLsm and LmLvLs ternary plots are useful for distinguishing magmatic arc suites from recycled-orogen suites [@bib0120]. The plots indicate that sandstones of the Nam Pat Group have a high proportion of volcanic detritus and their provenance are volcanic arcs. All of the Nam Pat sandstone samples plot along the Qm-P join and have high plagioclase to total feldspar ratios (P/F) which indicate that the sediments are arc-derived. Therefore, volcanic rocks were the major sediment contributors whereas plutonic and metamorphic rocks provided a minor proportion of sediment. These volcanic lithic fragments, found in both sandstone and clast of conglomerate, were derived from the nearby magmatic arc located to the northwest of the Nam Pat Basin. This is proved by (1) the detrital framework grains are texturally immature, (2) the Nam Pat Group is fining toward the southeast, (3) proximal deposits are along the northwestern part of the basin, and (4) the majority paleocurrents are oriented in the southeast direction (104° ± 5.73°). Thus, large quantities of sediment shed southeastward from nearby volcanic arc into the basin.

5.3. Tectonic settings {#sec0100}
----------------------

By integrating the petrologic data, which allows recognition of provenance, with the facies distribution map and paleocurrent directions ([Fig. 18](#fig0090){ref-type="fig"}), the conceptual model for evolution of the Nam Pat Basin can be identified ([Fig. 19](#fig0095){ref-type="fig"}). Our data agreed with the studies of Lüddecke et al. [@bib0100], Singharajwarapan [@bib0195], and Singharajwarapan and Berry [@bib0030] that the Nam Pat Group, both the conglomerates and sandstones, received large quantities of sediments from nearby andesitic Pak Pat volcanic rocks.Fig. 18Simplified geologic map of the study area displays the paleocurrent directions (arrow). The Huai Lat and Huai Bo Khong Formations are distributed on the western and eastern parts of the basin, respectively.Fig. 18Fig. 19The conceptual model for evolution of the Nam Pat Basin. (a) The back-arc extensional phase. (b) The deposition of proximal Huai Lat Formation and distal Huai Bo Khong Formation. (c) The compressional phase.Fig. 19

However, we disagree with the interpretation of the Nam Pat Basin as a forearc basin \[e.g., [@bib0020], [@bib0195]\] because, in that model, the Pak Pat volcanic arc, would have been located to the east of the Nam Pat Basin and the basin would have been fed from the east. In fact, the Pak Pat Volcanics are located to the west of the basin, along its northwestern rim. Thus, the basin is best interpreted as back-arc basin. Our interpretation is similar to those of Sone and Metcalfe [@bib0005], Metcalfe [@bib0040], Ueno and Hisada [@bib0095], Ricou [@bib0200], Wang et al. [@bib0205], and Hara et al. [@bib0090]. We are interpreting the Nam Pat Basin as a short-lived back-arc basin. The reconstruction for evolution of the Nam Pat Basin is illustrated in [Fig. 19](#fig0095){ref-type="fig"} and explained below.

5.4. The evolution of the Nam Pat Basin {#sec0105}
---------------------------------------

The basin opened and the Nan-Uttaradit Ocean existed in the Late Carboniferous [@bib0085] as a consequence of the Sukhothai Zone development [@bib0090]. During the back-arc extensional phase, volcanic lithic fragments were shed into the Nam Pat Basin and accumulated as proximal Huai Lat Formation and distal Huai Bo Khong Formation ([Fig. 19](#fig0095){ref-type="fig"}a and b). The Huai Lat conglomerate has clast imbrication and sandy matrix which indicates deposition from turbulent flows [@bib0155]. The Huai Lat Formation shows inverse-to-normally graded patterns. This inverse-to-normal grading pattern is interpreted as turbiditic facies deposited from flow on a relatively steep slope, downstream from the disorganized bed of the feeder channels or canyons [@bib0170]. The Huai Bo Khong Formation has the repetitive fining upward cycles of interbedded sandstones and mudstones of classic turbidites. This formation formed where the paleoslopes flatten out [@bib0170] and the turbidity currents have relatively lower flow velocities [@bib0210]. As turbidity currents travel across the basin floor, from northwest to southeast, they wane progressively and yield depositing sequences that are fining along their travel path. Thus, during the basin extensional phase the western margin of the basin floor was steeper than the eastern part, and sediment provenance located to the west of the basin ([Fig. 17](#fig0085){ref-type="fig"}). Additionally, the bases of sandstones that are interbedded with mudstones show ball-and-pillow structures (facies B3) which could be induced by seismic events [@bib0215]. Thus, this facies could be syn-rift deposits occurring while the basin was opening.

The basin started to close around Late Triassic [@bib0035]. Compression began after the Huai Lat and Huai Bo Khong Formations were consolidated because (1) high angle faults were observed in the Huai Lat conglomerate and (2) upright folds, axial plane cleavage, and spaced cleavage were observed in the Huai Bo Khong Formation [@bib0015]. The high angle faults in the Huai Lat Formation were developed in a high-strain zone due to rheological contrast between the underlying Pak Pat Volcanics and the overlying conglomerates [@bib0195]. The mentioned evidences suggest that the compression started after consolidation. Our field observation of the orientation of the strata is similar to that of Singharajwarapan and Berry [@bib0220]. The deformation structures are caused by the continental subduction of the Nam Pat Basin underneath the eastern margin of the Sukhothai Zone. The final stage of the Nam Pat Basin is illustrated in [Fig. 19](#fig0095){ref-type="fig"}c. The evolution of the basin during this period is represented by the allochthon model where the strata along the eastern part of the Sukhothai Zone were thrusting over the western part of the Nam Pat Basin due to tectonic compression.

Declarations {#sec0110}
============

Author contribution statement {#sec0115}
-----------------------------

Kritsada Moonpa: Conceived and designed the experiments; Performed the experiments; Analyzed and interpreted the data; Contributed reagents, materials, analysis tools or data; Wrote the paper.

Kannipa Motanated: Analyzed and interpreted the data; Contributed reagents, materials, analysis tools or data; Wrote the paper.

Competing interest statement {#sec0120}
----------------------------

The authors declare no conflict of interest.

Funding statement {#sec0125}
-----------------

This work was supported by Development and Promotion of Science Technology Talents (DPST) Research Grant 040/2558 and Science Achievement Scholarship of Thailand (SAST).

Additional information {#sec0130}
----------------------

No additional information is available for this paper.

We would like to thank Dr. Michael M. Tice from Texas A&M University, Texas, USA for suggestions and valuable comments on the manuscript.
